Biologists routinely punch the flight membranes of bats to collect tissue for molecular analyses, or to mark animals in the field, or both. The current standard is to biopsy the wing membrane (chiropatagium) because it is easy to access and is less vascularized, and thus bleeds less, than the tail membrane (uropatagium). Although flight membrane biopsies are assumed not to affect the bat's ability to fly or capture prey, almost nothing is known about wound healing times and the optimal punch size or location for tissue excision. We measured wound healing in the wing and tail membrane of 32 big brown bats (Eptesicus fuscus) biopsied with 2 circular punch tool sizes, and quantified the concentration of DNA extracted from the excised tissue. Our results show that tail wounds healed significantly faster than wing wounds for both 4-mm-and 8-mm-diameter biopsy wounds. We also were able to extract significantly more DNA from tail biopsies than from wing biopsies of the same size. The newly healed tissue remains unpigmented for considerable time after wound closure, and this allows identification of individuals for an extended period. We hypothesize that the increased vasculature in the uropatagium contributes to faster healing times compared to the chiropatagium. Examination of our data indicates that tissue biopsy for molecular analyses in bats should be taken from the tail membrane, although biopsies of the wing membrane are useful for marking associated with recapture programs because the wound and scar will persist longer.
Wildlife biologists rely extensively on molecular tools to address issues fundamental to the management and conservation of animals. Molecular techniques are increasingly used to assess the relatedness of individuals, rates of gene flow between groups, and the genetic diversity of populations. Moreover, molecular data can now be used to unravel seemingly intractable relationships, such as the complexity of ecological food webs. It has become routine for researchers to obtain tissue samples for molecular-based studies using nonlethal biopsy; however, biopsies are often performed in the field so there is little opportunity to assess the long-term effects of the procedure, and few guidelines are available for determining the optimal biopsy size or tissue location. Among nonvolant mammals, ear biopsies are usually performed to collect tissue, but in bats ear biopsy is avoided in favor of the flight membranes because of the importance of hearing for echolocation in most species.
Bats represent 25% of the known mammalian diversity and are the only mammals capable of powered flight (Neuweiler 2000) . Bat flight membranes (patagia) form from lateral extensions of skin from the dorsal and ventral body integument (Ackert 1914; Norberg 1972) , and can be divided into 4 sections (Quay 1970; van Zyll de Jong 1985;  Fig. 1 ). The aerial maneuvers of bats depend critically on flight membranes. Aerial-hawking bats use flight membranes to execute rapid course changes and perform complex in-flight maneuvers when pursuing and capturing airborne prey (Kalko 1995; Norberg 1972; Webster and Griffin 1962) . Substrategleaning bats use flight membranes to capture prey on surfaces by encircling prey with the wings, or tail, or both before grasping the quarry in the mouth (Faure and Barclay 1992; Fiedler 1979) .
Bats frequently acquire holes and tears in their wings caused by predators, conspecifics fighting within roosts, or contact with natural and man-made objects such as thorns or metal fences (Davis 1968) . Studier (1972) determined that the wing of a big brown bat (Eptesicus fuscus) had a puncture resistance similar to that of a plastic sandwich bag. Given that bat flight membranes are prone to damage but are essential to survival, rapid healing should be selected for, and in many cases damage to the flight membranes heals completely (Davis 1968; Davis and Doster 1972) . Wing membranes can remain functional even after losing up to one-half of the surface area (E. L. Clare, pers. obs.). Healing permits biopsy of bat flight membranes without substantial fitness consequences. Indeed, excising (i.e., punching) small pieces of tissue from the wing membrane is both a common and rapid field procedure (Bonaccorso and Smythe 1972) . Wing membrane biopsy does not appear to affect flight because the elastic nature of the membrane gives it extra load-bearing capacity (Struhsaker 1961) , thus allowing the wing to retain its dimensions and generate lift despite holes (Davis 1968) .
Membrane biopsy in bats is generally carried out for 1 of 2 reasons. The first is to collect tissues samples for extraction of DNA, RNA, or protein for molecular-based studies (e.g., Vonhof et al. 2008 ). The second is for the short-term marking and identification of individuals based on distinguishable holes and later by distinctive marks that persist as newly healed, unpigmented tissue (Bonaccorso and Smythe 1972) . Bats also can be marked in a manner similar to birds, by placing a small metal or plastic ring with an identifying code on the forearm (Barclay and Bell 1988) ; however, bats can chew bands beyond recognition (Bonaccorso et al. 1976; Herreid et al. 1960) , and the sharp edges can cause lacerations to the forearm and wing membrane (Baker et al. 2001; Herreid et al. 1960 ) when placed inappropriately.
Despite the frequency with which bat wings are biopsied, there are few data about the advantages and disadvantages of sampling tissue from different flight membranes. Standard practice is to biopsy the wing in a region with little or no vascularization (Bonaccorso and Smythe 1972; Kleiman and Davis 1974) . This results in a relatively low amount of concomitant bleeding, and such holes eventually heal. For example, 14-mm-diameter wounds in the wing membrane of pallid bats (Antrozous pallidus) took up to 34 days to heal (Davis and Doster 1972) , and 2 3 2-cm holes in the wings of East African fruit bats (Eidolon helvum) took 24 days to heal (Church and Warren 1968) . By contrast, tissue biopsy in the tail membrane of bats is usually avoided because of the potential for increased bleeding and blood loss. This observation has led researchers to believe that wing membrane biopsies are less harmful to bats than similar-sized biopsies in the tail membrane. To the best of our knowledge, no study has tested this hypothesis.
Studies on mammalian wound healing suggest that when a cutaneous surface is lacerated, the presence of nearby blood vessels is a key component in the complex healing cascade (Martin 1997; Singer and Clark 1999) . The 1st step in healing is to reestablish the connection of blood-mediated molecules to the dermis (Singer and Clark 1999) . This allows the host animal to mount an effective inflammatory or immune response, or both (Campos et al. 2008 ). Blood vessels carry a variety of factors to the site of injury, including neutrophils, platelets, platelet-derived growth factors, macrophages, and fibroblasts-all of which are required to clean the wound, prevent infection, and begin the process of reforming the tissue matrix. Successful healing also depends on growth factors, cytokines, and chemokines involved in cellular processes (Barrientos et al. 2008) . The 1st newly healed tissue (granulation tissue) contains many rapidly dividing cells with high metabolic and oxygen demands, and requires the presence of additional blood vessels (Sen 2008) . The vessels sprout from preexisting blood vessels through angiogenesis (Arnold and West 1991) . The increased bleeding observed when bats are biopsied in the tail membrane suggests that the uropatagium is more highly vascularized than the chiropatagium. Information about the healing cascade suggests that this bleeding, which prompts most researchers to avoid tissue biopsies from the uropatagium, may in fact lead to faster healing and less long-term damage than biopsies from the chiropatagium.
Although few data about flight membrane healing in bats exist, a number of important questions remain unanswered. Two previous studies used a standard wound size in 1 standard location of the wing membrane (Church and Warren 1968; Davis and Doster 1972) , which does not allow for inferences about variation in healing time with different punch tool sizes or tissue locations. In particular, tail membrane biopsy and wound healing rates have been ignored. Another aspect of membrane biopsy in bats that has not been explored is the quantity of DNA that can be extracted from tissue samples, and whether the wing membrane is the best location for maximizing yields of DNA. Our goal was to compare the rate of wound healing of the wing and tail membrane in a common North American insectivorous bat, and to use these data to suggest an optimal biopsy tool size and punch location to maximize yields of DNA for molecular studies while causing the least harm. Our results also provide information about the best location for membrane biopsy when it is used for the short-term marking and identification of individuals.
MATERIALS AND METHODS
Research met guidelines for the care and use of wild mammals in research approved by the American Society of Mammalogists (Gannon et al. 2007) Experimental design.-Thirty-two (32) adult E. fuscus were used in the study, which took place in 2 parts. Bats were identified by individually numbered plastic or metal bands. In part I (August-September 2007), we randomly selected 16 individuals and punched 8 bats in the wing membrane and 8 bats in the tail membrane with a 4-mm-diameter circular biopsy tool. When the majority of animals from part I had healed, we began part II (September 2007 -March 2008 . Sixteen different bats were randomly chosen and underwent the same procedure with an 8-mm-diameter circular biopsy tool.
Tissue biopsy.-Individuals were weighed and then placed in a small (14 3 12 3 10-cm) anesthesia induction chamber where they inhaled a 4% isofluorane-oxygen mixture (flow rate 5 1 liter/min). Once anesthetized, the bat was placed in a supine position on a piece of clear acrylic plastic sheet (Acrylite FF 3.0 mm; CRYO Industries, Parsippany, New York) and had its wing or tail membrane spread to a standard position using a reference drawing below the acrylic plastic sheet. A new, sterile Sklar Tru-Punch disposable biopsy tool (Sklar Instruments, West Chester, Pennsylvania) was used to excise tissue from the wing (chiropatagium) or tail (uropatagium) membrane (Fig. 1) . The wet mass of each tissue sample was weighed with a Mettler Toledo MX5 microgram balance (approximately 1-mg precision and readability; Mettler-Toledo Inc., Columbus, Ohio) before storage and preservation in an Eppendorf tube with 95% ethanol. Although the flight membranes bled very little after biopsy, tail wounds bled more and for longer than wing wounds of the same size.
Moreover, handling and photographing bats in the week after biopsy occasionally caused the wounds to bleed. When this occurred, we applied direct pressure to the wound area. No animal died or developed infection from this procedure.
Wound healing.-To monitor healing, digital photographs of wounds were taken, usually every 2nd day, with an Olympus DP25 CCD camera (5 MPixel resolution; Olympus, Toyoko, Japan) mounted on an Olympus SZX10 stereomicroscope. Unanesthetized bats were photographed in the standardized position described above. The microscope objective and zoom magnification were adjusted so that the entire wound area and some of the surrounding tissue were photographed. Flight membranes biopsied with the 4-mm tool were typically observed with a 13 objective, whereas membranes biopsied with the 8-mm tool were usually observed with a 0.53 objective.
Wound areas (mm 2 ) were measured from the photographs using National Institutes of Health ImageJ software (Abramoff et al. 2004) . Image contrast was enhanced so that the wound hole was distinct from the surrounding tissue. The wound perimeter was outlined with an auto-trace feature, and the wound area was measured using a calibrated scale (pixels/ mm) customized for the specific microscope objective (0.53 or 1.03) and zoom magnification (0.6-6.33). We recorded the number of days to reach 10%, 25%, 50%, 75%, 90%, and 100% wound closure (Table 1) .
DNA quantification.-Tissue biopsies stored in 95% ethanol were brought to the Biodiversity Institute of Ontario for DNA extraction and quantification. Samples were dried, placed in individual wells in a 96-well Eppendorf plate with lysis buffer and proteinase K, and incubated at 56uC for 12 h before centrifuging at 1,500 3 g for 15 s. DNA was extracted using the robotic glass fiber method (Ivanova et al. 2006 ). This technique does not rely on commercial kits and was customized for extracting DNA from small tissue samples. The glass fiber plate was incubated at 56uC for 30 min, and 60 ml of 56uC double-distilled H 2 O was added to the membrane of each well. The glass fiber plates were then placed on an Eppendorf plate and centrifuged at 5,000 3 g for 5 min to collect eluted DNA. The concentration of eluted DNA was measured in 1.5-ml samples using a NanoDrop 1000 Spectrophotometer (NanoDrop Products, Wilmington, Delaware). Each sample was measured at least twice for repeatability, and the spectrophotometer was blanked with double-distilled H 2 O after every 6-8 readings.
Statistical analyses.-Unless otherwise indicated, all data are reported as the mean 6 standard deviation (SD) after being tested for normality (Shapiro and Wilk 1965) and equality of variances (Bartlett F-test). Nonnormal or heteroscedastic data were subsequently analyzed with an equivalent nonparametric test in R (Hays 1994) . Initial wound areas (day 0) were compared using a 2-sample t-test or a Wilcoxon rank sum test. The number of days to reach 50% wound closure was used in comparing rates of healing in the wing and tail membrane because this is an unbiased measure for each bat and punch tool size, and because this measure avoids confounding factors A) The protopatagium extends from the bat's shoulder to the thumb. B) The chiropatagium (or dactylopatagium) extends from the thumb and spreads between every phalange. C) The plagiopatagium extends medially from the 5th phalange to the dorsal portion of the hind leg and is bounded cranially by the upper and lower arm. D) The uropatagium extends medially from the distal portion of the hind leg to the tail. Filled circles show the size and location of 4-mm circular wounds in the chiropatagium and uropatagium (wound size drawn to scale assuming a forearm length of 45 mm). Image modified from Lollar and Schmidt-French (2002) .
that contribute to delays in full wound closure after the majority of healing had occurred. The 50% healing data were heteroscedastic, so a reciprocal transformation was performed to eliminate the skewed variance. Transformed data were then analyzed using a 2-way analysis of variance (ANOVA) with punch tool size and tissue location as factors. Wet tissue biopsy mass was compared with 2 Kruskal-Wallis rank sum tests. The 1st tested the effect of punch tool size on tissue mass, and the 2nd tested the effect of biopsy location on tissue mass. Data on DNA concentrations were normally distributed and homoscedastic and were thus compared with a 2-way ANOVA using punch tool size and tissue location as factors. Average colony temperature during part I and part II of the study was compared with a Kruskal-Wallis nonparametric 1-way ANOVA. All statistical tests employed a comparisonwise error rate of a 0.05 (Zar 1984) .
RESULTS
Tissue mass.-Not surprisingly, the wet mass of tissue obtained with the 4-mm-diameter circular biopsy tool was significantly less than the mass of tissue sampled with the 8-mm biopsy tool (Kruskal-Wallis x 2 5 15.61, d.f. 5 1, P , 0.0001; Table 2 ). There also was a significant effect of punch location on biopsy mass, with wing punches having a smaller wet mass than tail punches of the same size (Kruskal-Wallis x 2 5 7.99, d.f. 5 1, P , 0.006). Assuming tissue mass scales linearly with area (area 5 pr 2 ), the wet mass of an 8-mm punch should be 4 times that of a 4-mm punch. To a 1st approximation this was generally true, especially for biopsies from the wing membrane.
Observations of wound healing. -Figures 2 and 3 illustrate the process of wound healing in 2 bats biopsied with an 8-mmdiameter punch in the wing and tail membrane, respectively. The photographs were taken on the same days relative to when the membrane was biopsied (day 0). The intact wing membrane ( Fig. 2A) was noticeably thinner than the intact tail membrane (Fig. 3A) . The flight membranes contained thin bands of muscle fibers running within the tissue, as well as small blood vessels. Two small vessels can be seen in the intact wing membrane in Fig. 2A . After biopsy, healing began with blood clots forming around the wound edge, leaving a red circular crust around the circumference (Figs. 2B and 3B ). The edges of the wound became pale as new cells were added, and the surrounding membrane tissue took on a wrinkled appearance (Figs. 2C and 3C ). Once the blood clot disap- (Fig. 3F ). Wound closure completed by the formation of a scab over the tissue junction during a 3-to 4-day period. After the scab sloughed off, a continuous membrane surface was revealed. The newly formed tissue remained pale until it eventually became repigmented. Although not quantified systematically, wing membranes took longer to repigment than tail membranes. Healing time.-As expected, there was a significant effect of punch tool size on flight membrane healing time, with 4-mm biopsy wounds healing significantly faster than 8-mm wounds (F 5 63.54, d.f. 5 1, 28, P , 0.0001; compare Figs. 4A and 4B). There also was a significant effect of wound location on healing time, with tail wounds healing faster than wing wounds made with the same-sized punch (F 5 19.84, d.f. 5 1, 28, P , 0.0002; Fig. 4 ). There was no interaction effect of punch size and tissue location on healing time (F 5 0.78, d.f. 5 1, 28, P 5 0.384). Table 1 lists some milestones for average healing time (and range) in days required to reach certain arbitrary values of percent wound closure.
The dramatic difference in the healing rate of wing versus tail wounds is illustrated in Fig. 4A . The average wound area on day 0 for the 8 bats punched in the wing (16.723 6 2.812 mm 2 ) was slightly larger than the expected value for a 4-mm-diameter circle (12.567 mm 2 ), whereas the average wound area for the 8 bats punched in the tail (21.649 6 8.454 mm 2 ) was considerably greater than this expected wound area and substantially larger than the starting wound area for bats biopsied in the wing (although the difference was not significant; W 5 19, P 5 0.195). Despite beginning with a larger average wound area, all 8 bats punched in the tail reached 100% wound closure by day 24 compared to only 5 of 8 bats punched in the wing. Moreover, the initial wound areas in the 5 bats with wing biopsies that healed by day 24 (22.832, 16.712, 16.234, 15.406, and 13.748 mm 2 ) were not obviously different from the 3 that had not healed (17.683, 16.938, and 14.229 mm 2 ). We found a similar trend in the relative healing time for 8-mm wounds (Fig. 4B) . In this case, the wing and tail biopsy groups had nearly identical wound areas on day 0 (wing: 59.236 6 7.442 mm 2 ; tail 56.588 6 7.154 mm 2 ; t 5 0.725, d.f. 5 14, P 5 0.48), and both were reasonably close to the expected area for an 8-mm-diameter circle (50.265 mm 2 ). All 8 bats punched in the tail achieved 100% wound closure by day 125, but only 4 of 8 bats punched in the wing had completely healed by this time. Again, the initial wound areas of the 4 animals that had healed wings (69.998, 55.450, 55 .359, and 52.851 mm 2 ) were not noticeably different from the 4 that had not healed (71.082, 61.346, 54.014, and 53.788 mm 2 ). Colony temperature.-The average colony temperature during part I of the study with the 4-mm-diameter biopsy wounds was 25.5uC, whereas the average temperature during part II of the study with the 8-mm-diameter wounds was 21.5uC. The distribution of colony temperatures between the 2 rounds of tissue biopsy was significantly different (KruskalWallis x 2 5 75.10, d.f. 5 1, P , 0.0001). DNA quantification.-There was a significant effect of punch size on the concentration of DNA in our samples (F 5 4.29, d.f. 5 1, 28, P 5 0.047; Fig. 5 ). There also was a significant effect of punch location on the measured concentration of DNA (F 5 46.82, d.f. 5 1, 28, P , 0.0001). There was no interaction between punch tool size and tissue location on DNA concentration (F 5 0.484, d.f. 5 1, 28, P 5 0.49).
DISCUSSION
It is standard practice to biopsy the wing membrane of bats rather than the tail membrane to reduce potential bleeding; however, our results indicate that this does not minimize longterm trauma to the animal. Regardless of the size of the wound inflicted, we found that tail membranes healed significantly faster than wing membranes for wounds of the same size. We also found that tail membrane wounds bled more and for longer than wing membrane wounds, likely because the uropatagium has a higher density of blood vessels than the chiropatagium. Because the healing process relies heavily on the presence of blood vessels (Campos et al. 2008; Martin 1997; Singer and Clark 1999) , if tail membranes are more vascularized than wing membranes then tail wounds would be expected to heal more rapidly compared to similar-sized wing wounds. Although we did not measure the vascularization of the chiropatagium and uropatagium directly, future studies should compare blood vessel density for a more complete understanding of wound healing in bat flight membranes. Two previous studies have examined wound healing in the flight membranes of bats (Church and Warren 1968; Davis and Doster 1972) , although their results may not be directly applicable to ours. Church and Warren (1968) examined wound healing in an Old World pteropodid fruit bat, but the wing membranes of E. helvum are composed of long, prominent strands of elastin with collagen stretched in between rather than bundles of elastin fibers and collagen in vertical and horizontal arrangements as found in New World insectivorous bats (Holbrook and Odland 1978) . These structural differences may result in membrane healing differing between the 2 groups. Davis and Doster (1972) studied wound healing after wing membrane biopsy in a captive colony of insectivorous pallid bats, but it is unclear whether the bats in that study were permitted to fly. In our study, big brown bats were able to fly and this could promote healing because it increases blood pressure in the flight membranes (Mislin 1978) .
Wing membrane biopsies are a common practice in studies of bats, perhaps because it is fairly easy for researchers to hold a bat and extend the wing with 1 hand, while excising tissue with a biopsy tool using the other hand. The dry mass of the excised tissue is small-only a few nanograms for a mediumsized bat-and commercially available DNA extraction kits are optimized for considerably larger tissue samples (e.g., 20-25 ng). This mismatch can result in poor DNA extraction yields unless extensive modifications are made to the kits, or multiple biopsies are collected from the same animal (e.g., Vonhof et al. 2008) . The mass of excised tissue is not always a good predictor of DNA yield when the biopsies contain blood, extracellular fluids, hair, or inhibiting factors that reduce the efficiency of DNA extraction. We contend that it is desirable and beneficial to biopsy bat flight membranes in the location with the potential for highest yield of DNA (or RNA or protein). To date, no study has directly compared the quantity of extractable DNA from same-sized tissue punches from the wing and tail membranes of bats. From an animal care or wildlife conservation perspective, any modification to a standard tissue biopsy technique that promotes faster healing and results in higher tissue yields is meaningful both to bats and researchers.
The average colony temperature in part I of the study with 4-mm biopsy wounds was significantly higher than in part II of the study with 8-mm biopsy wounds. Because temperate species of insectivorous bats are capable of entering daily torpor (Neuweiler 2000) , slightly lower (4uC) colony temperatures in part II of the study may have resulted in relatively slower healing rates, especially toward the end of the healing process. However, because our experiment employed a counterbalanced design, with wing and tail membranes biopsied in both part I and part II of the study, differences in colony temperature between parts I and II cannot account for tail wounds healing faster than wing wounds made with the same-sized punch.
We used a circular biopsy tool to study wound healing in the flight membranes of E. fuscus, hence the initial wound area (A) was expected to be A 5 pr 2 , where r is the wound radius and p (pi) is the mathematical constant representing the ratio of a circle's circumference to its diameter. A 4-mm-and 8-mm-diameter biopsy tool should have resulted in starting wound areas of 12.566 mm 2 and 50.265 mm 2 , respectively, but our average initial wound areas were somewhat larger: 16.722 mm 2 (wing) and 21.649 mm 2 (tail) for the 4-mm punch, and 59.236 mm 2 (wing) and 56.588 mm 2 (tail) for the 8-mm punch. Davis and Doster (1972) also reported larger than expected initial wound areas. Flight membranes in our study were biopsied under close to ideal conditions-in a laboratory with anesthetized animals-yet we still found it difficult to completely flatten the membranes before tissue excision. This was especially true for the uropatagium. Variation in the placement and stretching of flight membranes (i.e., human error) could account for some of the discrepancy between the observed and expected wound areas. Moreover, if collagen and elastin bundles in the flight membranes (Holbrook and Odland 1978) were overstretched by the experimenter, after biopsy the collagen and elastin would have contracted due to the tensile nature of the proteins (Gosline et al. 2002) . This would also explain the observations of Church and Warren (1968) , who reported that wound areas from 2 3 2-cm wing membrane biopsies increased in size during the first 3 days after tissue excision. If the uropatagium were more elastic than the chiropatagium, this would further contribute to measurement error, although the difference between the observed and expected wound areas was not consistently larger for tail wounds. Indeed, the relative difference between observed and expected wound areas was greatest for wounds made in part I of the study. Because we began our study with the 4-mm punch tool, it also is likely that we became more adept in standardizing the placement of the flight membranes, and more skilled in using the biopsy tool. The fact that initial wound areas did not differ between the wing and tail membrane in part II of the study with the 8-mm punch tool is consistent with a human practice effect.
Healing times recorded for 4-mm-diameter (27 days) and 8-mm-diameter (127 days) wounds in the wing membrane of E. fuscus differ from those reported by Davis and Doster (1972) , who observed that 14-mm-and 17-mm-diameter holes in the wings of A. pallidus healed within 34 and 41 days, respectively, which is significantly faster than our observations. A 14-mm hole is approximately 3 times the area of an 8-mm circular punch and approximately 12 times the area of a 4-mm punch; therefore, these wounds should have taken proportionally longer to heal than those in our study. Nevertheless, Davis and Doster (1972) recorded healing times akin to our smallest wound areas. One explanation for the difference between the 2 studies may be the method of measurement. We handled bats and measured wound areas every 2 days with a microscope and bright illumination, and continued collecting data until a hole was no longer visible at high magnification. Toward the end of the healing process, the rate of healing decreased rapidly resulting in extremely small wound areas (,2 mm 2 ) that persisted for weeks. Such wounds had diameters of ,0.8 mm and could be easily overlooked (or considered insignificant) without proper illumination and magnification. Additional details about the methods of Davis and Doster (1972) would be required to identify whether the discrepancy between the 2 studies resulted from methodological (e.g., increased handling) or species-specific healing differences. We found that wound healing in E. fuscus was similar between 4-mm and 8-mm punches in the same flight membrane, indicating that wounds for the 2 punch sizes did not heal at different rates. If true, then the choice of biopsy punch size should be determined more by the end use of the tissue than by risk to the bat.
Albeit not systematically, we noted that newly healed tissue repigmented more quickly in the uropatagium than in the chiropatagium. The wings of E. fuscus are dark, hence lightly pigmented areas are distinct and remain visible for some time.
Together with faster healing rates of the tail membrane, this suggests that punch-marking bats for individual identification is most effective when the wing membrane is biopsied because both the hole and mark remain visible longer to the naked eye.
Our results clearly demonstrate that tail punches have greater mass and contain more extractable DNA than wing punches of the same size. This supports our contention that the uropatagium is thicker than the chiropatagium. The thickness of wing membranes has been measured for some species of North American insectivorous bats (Studier 1972) , but there are no data for tail membranes. Although it is clear that biopsies from the uropatagium provided more DNA than biopsies from the chiropatagium, the concentration of extractable DNA did not scale linearly with biopsy mass. Potential explanations for this include the following. First, our method of DNA quantification used a small-volume extraction technique that left a significant portion of the tissue in our 8-mm biopsy samples undigested. Undigested tissue is common in biopsies from bat flight membranes. Unlike nerve or muscle tissue, which normally digests completely, skin tissue is more resistant to the extraction process (E. L. Clare, pers. obs.). Second, biopsies from the uropatagium may have contained a higher proportion of tissue with little or no extractable DNA. Examination of our data suggests that the tail membrane contains more vasculature than the wing membrane, hence some of the increased mass in tail biopsies was likely composed of enucleated red blood cells, which contain no nuclear DNA. Moreover, in many bat species the uropatagium has more hair than the chiropatagium and this complicates DNA extraction because mammalian fur is a poor source of DNA and can cause a physical barrier to extraction using a filter membrane technique. In these instances, additional steps such as hair and fur removal or altered extraction protocols would be required to recover more DNA. Regardless of the cause, the DNA concentrations we report for tail membrane biopsies likely represent an underestimate of the true potential yield of DNA.
The advantages of working with tail membrane biopsies extend beyond health benefits to the bats and include the end use of the tissue samples. Considering our conservative estimates of DNA concentrations in bat flight membranes, we calculate that a 12-mm-diameter wing biopsy would be needed to yield the same amount of DNA as a 4-mm tail biopsy. When biopsied tissue remains undigested, largervolume extraction techniques may be employed, such as those found in commercial kits, with less concern for extraction failure. This will improve extraction efficiency, and the larger mass of tissue obtained from tail membrane biopsies provides the opportunity to split tissue samples for multiple end-use applications, such as combined analyses for molecular and isotopic studies (the latter destroys the sample).
In conclusion, our results lead to clear recommendations for suggested biopsy tool diameters and tissue locations, depending on the research purpose, from bat flight membranes (Table 3) . Biopsies should be taken from the tail membrane for molecular research and to reduce healing times and health impacts on the bats. The wing membrane may be a more useful location when biopsies mark bats for identification, the use of bands is not feasible, or both. Given the slower wound healing times, lower biopsy mass, and lower yields of DNA from tissue excised from the wing, tail membrane biopsies are both advantageous to research applications and a more efficient and humane way of collecting tissue samples from bats. a Range expressed as 61 SD around average 100% healing time (see Table 1 ).
